In this research, we investigate how the annealing temperature affects the electrical properties of Ba0. 8Pb0.2TiO3 as a positive temperature coefficient material. The material was synthesized via solid-state sintering. The grain size was varied by varying the annealing temperature between 850 °C and 1000 °C for 4 h. Characterization via X-ray diffraction showed that a single-phase compound was formed exhibiting a tetragonal phase. The microstructure was observed using scanning electron microscopy. Average grain size was observed to be between 5 and 10µm. The electrical properties as characterized using impedance spectroscopy showed the presence of grain and grain-boundary contributions in the annealed samples. Dielectric constant and dielectric relaxation phenomenon as a function of annealing temperature have been studied.
Introduction
Barium titanate (BaTiO3) is a ferroelectric perovskite ceramic with various applications as a positive temperature coefficient (PTC) thermistor [1, 2] . BaTiO3 ceramics are typically doped with special additives to improve their basic properties [1, 3] . Several studies have reported that (i) Ca 2+ doping increases the temperature range over which the tetragonal phase is stable and (ii) Co 2+ doping decreases electric field loss without influencing the piezoelectric constant [2, 3] . The present study aims to modify BaTiO3 with Pb doping, something that continues to be investigated owing to its applications in various electronic devices, especially for PTC materials [3] . We investigated the room-temperature electrical properties of Pb-doped BaTiO3 ceramics with 0.2 mole %Pb and annealed these ceramics at two different temperatures for PTC applications. Their crystal structure and morphology were also studied.
Experimental details
We prepared Ba0. 8Pb0.2TiO3 from commercial-grade BaTiO3 (98% pure) and lead carbonate (PbCO3) using solid-state sintering. The mixed powder was continuously mortared for 2 h and then pressed into pellets with a diameter of 11 mm and a thickness of 4 mm at a force of 10 kN for 30 s. Next, the samples were annealed at either 850 °C or 1000 °C for 4 h. An X-Ray Diffractometer (XRD) (Philips PW 3710) with a Co Kα radiation source was used to determine the crystal structure and identify the phase of the samples. A scanning electron microscope (SEM) (Leo 420i) was used to observe the morphological features, and an LCR (inductance-capacitance-resistance) meter (PM6306; Fluke) was used to record the impedance and phase angle at room temperature for frequencies ranging from 100 Hz to 1 MHz. Figure 1 shows the XRD patterns of Ba0. 8Pb0.2TiO3 annealed at varying annealing temperatures. Each sample clearly has a single tetragonal perovskite structure with no impurity phase. Sareecha et al. [1] reported a similar result for a Pb-doped BaTiO3 compound with 0.0-0.1 mole% Pb. Table 1 lists the structural parameters for each sample. Compared with the unannealed sample, the lattice parameter c is higher when annealed at 850 °C and lower when annealed at 1000 °C. Figure 2 shows an SEM image of each sample. As shown in figure 2a , the unannealed sample has not formed perfect grains. Figure 2b shows the sample that was annealed at 850 °C for 4 h, in which grains and grain boundaries are evident. However, the grain size is inhomogeneous, indicating incomplete grain growth. Figure 2c shows the sample that was annealed at 1000 °C for 4 h, in which the grain size has decreased and is now homogeneous. This may be due to recovery and recrystallization processes. We calculated the grain size for each sample, the results being (a) 8 μm, (b) 10 μm, and (c) 6 μm. MHz. By contrast, for the annealed samples, the !′ values are distinct and relatively high at lower frequencies but converge to a lower value at higher frequencies. This result indicates the presence of space-charge polarization at room temperature for the annealed samples and the absence of spacecharge polarization for the unannealed sample in this frequency range [4] . Figure 4 . Variation of (a) real and (b) imaginary parts of impedance with frequency at room temperature for Ba0. 8Pb0.2TiO3 compounds. Figure 4b shows how the imaginary part of the impedance, namely !′′, varies with frequency at room temperature for each sample. The shift in the maximum value of !′′ of these samples to lower frequencies indicates that the relaxation time increases with annealing temperature. This means that the time taken by the charge-discharge process increases with annealing temperature. This indicates that the sample annealed at 1,000°C is particularly suitable for storing more charge in the grains and grain boundaries for longer durations. Table 2 gives the value of the dielectric constant for each Ba0. 8Pb0.2TiO3 compound. The dielectric constant clearly decreases with annealing temperature. This indicates that the bulk (grains) and grain boundaries behave like capacitors; thereby ensuring that annealing improves the microstructural qualities of the materials.
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Conclusions
By means of solid-state reaction, we succeeded in synthesizing Ba0. 8Pb0.2TiO3 compounds either without annealing or with annealing at one of the two different temperatures. Each sample had a single tetragonal perovskite structure. Annealing did not affect the crystal structure. The electrical properties showed the presence of grain contribution for the unannealed sample and grain and grain-boundary contributions for the annealed samples, which affect the electrical relaxation phenomenon in this material. 
